Introduction
RNA interference is an evolutionarily conserved mechanism of sequence-specific double-stranded RNA (dsRNA)-mediated gene silencing that might become a promising therapeutic tool for treating central nervous system diseases, which are associated with gain-or change-of-function mutations in specific genes. For example, silencing of mutated gene expression in a mouse model of amyotrophic lateral sclerosis decelerated disease progression and future gene therapeutic approaches decreasing leucine-rich repeat kinase-2 (LRRK2) gene expression could provide a causal therapy for Parkinson's disease patients harboring LRRK2 gain-offunction mutations. 1, 2 Although an increasing number of in vitro and in vivo studies have shown efficient and specific silencing of gene expression, growing evidence exists that vector-driven expression of first generation short hairpin RNAs (shRNAs) can trigger cellular immune response and can lead to deleterious off-target effects. 3 For example, activation of innate cellular immune response by shRNA expression in primary hippocampal neurons resulted in a retraction of synapses and dendritic spines and shRNA expression in zygotes caused early embryonic lethality, which was associated with increased expression of an interferon-induced gene. 4, 5 In general, the introduction of dsRNA into a cell may provoke diverse antiviral effects mediated by several intracellular receptors. Studies have shown that dsRNA located and processed in the endosome may activate Toll-like receptor 3 or 7 leading to the induction of type 1 interferons. 6, 7 In addition, cytoplasmic sensors including the RNA-dependent protein kinase can mediate dsRNAtriggered interferon response and in polymerase III driven shRNA expression systems, specific sequences around the transcription start site have been identified, which can also lead to interferon (IFN) induction. 8, 9 IFN then binds to cell surface receptors in an auto-or paracrine fashion and confers a more global antiviral state by inducing a complex array of IFN-stimulated genes (ISGs), including RNA-dependent protein kinase and a family of oligo adenylate synthetase (Oas) enzymes. 10 More recently, second generation shRNA constructs have been designed, in which the stem of the endogenously expressed primary microRNA-30 (miRNA-30) was replaced with gene-specific duplexes for different target genes. 11, 12 It has been shown that second generation
sh1 mis * * Figure 1 Cytotoxic effects of Lrrk2 targeting and mismatch control shRNAs in primary cortical neurons. (a) Primary cortical neurons derived from E15.5 mouse embryos were cultivated on pDLysine-coated (Sigma-Aldrich, Taufkirchen, Germany) glass slides as described previously and transduced (100 kU NIH3t3 , MOI1) with lentiviral vectors (LVs) encoding Lrrk2 targeting (sh1, Lrrk2 target sequence in bold) and mismatch control shRNAs (sh1 mis , mismatch sequence hemmed) 1 day after plating (day one in vitro, DIV1) and analyzed at DIV7. Lrrk2-target sequences were identified using Ambion-web-based oligo-search software, one sequence (AAGTTGATAGTCAGGCTGAAT, AY792512: 58-79) was selected, synthesized and subcloned into pBC KS+(ClaI)-H1. The H1sh cassette was then cloned into the pLV-EFa1-GFP transfer vector as described previously. 16 LVsh1 mis -transduced cultures were included as controls for unspecific dsRNA-mediated off-target effects and nontransduced (wt) as well as GFP-encoding LV-transduced cultures served as negative controls for transduction-associated toxicity. (b) Total RNA was obtained from DIV7 cortical cultures (RNeasy Mini Kit, Qiagen, Hilden, Germany) and RNA (2 mg per 20 ml reaction) was reversely transcribed with the Omniscript RT Kit (Qiagen). Actin (forward primer: 5 0 -GCTGAGAGGGAAATCGTGCG-3 0 , reverse primer: 5 0 -TCCA GGGAGGAAGAGGATGC-3 0 ), and Lrrk2 (forward primer: GCTATCTTGCATTTCGTTGTGC; reverse primer: CCCAGGATTCC-CAATGAACC) was amplified by real-time PCR (ABI Prism 7700 detection system, Applied Biosystems, Foster City, CA, USA) with the QuantiTect SybrGreen PCR Kit (Qiagen): 95 1C for 15 min, followed by 35-40 cycles at 95 1C for 15 s, 54 1C for 30 s and 72 1C for 30 s. Absolute expression levels were normalized to Actin expression within the same sample, calculated as 'mean normalized expression' and presented as relative to control expression changes. 23 Each assay for a particular gene was repeated at least three times in triplets. Lrrk2 mRNA in LVsh1-transduced cultures was reduced to 38% compared with nontransduced controls (n ¼ 3; C t values were calculated as mean normalized expression levels and presented as relative changes compared with wt controls). (c) LRRK2 protein content in LVsh1-transduced cortical neurons was reduced and GFP expression in both, LVsh1 and LVsh1 mis -transduced cultures was decreased compared with LV controls. Quantification of protein bands and loading controls (GAPDH) was carried out with the image analysis software ImageJ (Rasband, WS, US National Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/) and data are presented as previously published. 16 In general, cells were lysed in PBS-containing 0.5% NP-40 and a protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany) and protein samples (20 mg) were separated on 8% (Figures 1c, 3c and f, upper panel) or 12% (Figures 2a and 3f , lower panel) SDS-polyarcylamide gels and transferred onto Hybond-P PVDF membranes (GE Healthcare, Munich, Germany). After blocking with 5% nonfat dry milk in TBST (Trisbuffered saline, 0.1% Tween-20) membranes were incubated with primary antibodies in blocking buffer (anti-LRRK2, clone 1E11, rat monoclonal, cell culture supernatant 1:10), washed with TBST and incubated with horseradish peroxidase (HRP)-coupled secondary antibodies. Membranes were washed and antibody-antigen complexes were visualized using the ECL+ chemiluminescence detection system (GE Healthcare) on Hyperfilms (GE Healthcare). The membranes were then stripped with 100 mM b-mercaptoethanol and 2% SDS in 62.5 mM Tris-HCl (pH6.8) for 30 min at 56 1C, washed with TBST and subsequently reprobed with anti-GFP (rabbit polyclonal, 1:10.000, Invitrogen, Karlsruhe, Germany) and anti-GAPDH (mouse monoclonal, 1:1000, Chemicon) antibodies. Western blots are representative of three independent experiments that gave similar results. (d) Cortical neurons were prepared for immunocytochemistry as published previously and incubated with antimicrotuble-associated protein 2 (MAP2) antibodies overnight (1:1000, mouse; Sigma). 16 For fluorescent labeling, secondary antibodies conjugated to Cy2 and Cy3 were incubated for 3 h at room temperature (1:200, donkey, Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Dapi (1:10000, Sigma-Aldrich) was added to the secondary antibodies. Cultures were analyzed by fluorescence microscopy (Axioscope, Zeiss, Jena, Germany). A significant decline of MAP2+ neurons was evident in Lrrk2 shRNA and mismatch shRNA expressing cortical cultures at DIV7 (n ¼ 4-8, *Po0.05, ANOVA, Tukey's Test; MAP2+ neurons were counted in 10 randomly assigned 40 Â eye fields comprising 1 mm shRNA constructs (also denominated as shRNA mir ) are more efficient in gene silencing and it has been speculated that due to its similarity to miRNAs, shRNA mir constructs are less likely to induce immune response. 11, 13 We show here that the induction of the interferonresponse gene Oas1 by expression of first generation shRNA can be abolished by the introduction of the targeting sequence into a miR-30 backbone, whereby the modification of the passenger strand seems to be a crucial feature to avoid innate cellular immune response.
Results and Discussion
Mutations in the LRRK2 gene have been first described in a familial Parkinsonian syndrome and have been subsequently recognized to be present in up to 2% of all patients with Parkinson's disease. 2 Biochemical analysis performed in our laboratory disclosed that LRRK2 mutations are functionally characterized by an increase in LRRK2 kinase activity and attempts have been initiated aiming at experimentally downregulating Lrrk2 gene expression in primary neurons. 14 In accordance with previously published studies, a preselected shRNA construct (sh1) and a mismatch control construct (sh1 mis , central, three base-pair mismatched; Figure 1a ) under the control of the human H1 promoter was cloned into a lentiviral vector (LV). 1, 15, 16 Viral supernatants were obtained and primary cortical cultures derived from E15.5 mouse embryos were transduced with 100kU
NIH3t3 (multiplicity of infection, MOI1) 1 day after plating (1 day in vitro, DIV1). Transduction of cultures with LVsh1 but not with LVsh1 mis resulted in an B40% reduction of Lrrk2 mRNA at DIV7 (Figure 1b) . Compared with LV controls, semiquantitative analysis of western blot bands revealed decreased LRRK2 protein levels down to 64±33% (n ¼ 3) in LVsh1-transduced cultures (LVsh1 mis : 91 ± 31%, n ¼ 3). Green fluorescent protein (GFP) expression in both, LVsh1 (72 ± 28%, n ¼ 3) and LVsh1 mis -transduced cultures (59±22%, n ¼ 3) seemed to be impaired compared with LV-transduced controls, although equal amounts of GFP expressing LV particles were applied (Figure 1c) . Cell counts in shRNA-expressing cortical cultures revealed a significant reduction of MAP2+ neurons in LVsh1 as well as in LVsh1 mis -transduced cultures ( Figure  1d ). Further immunocytochemical analysis of sh1 ( Figure  1e , right panel) and sh1 mis (data not shown) expressing cultures showed rarefaction of neurites and increased numbers of condensed and fragmented nuclei suggestive for apoptosis (right panel, inset, the lowest picture). In accordance to the latter finding, expression of sh1 and mismatch controls led to increased amounts of cleaved caspase 3 (LVsh1: 320 ± 114%; LVsh1 mis : 321 ± 110% vs LV, n ¼ 3 each, Figures 2a and b) . The phenotype observed in sh1-silenced cultures stands in contrast to a previously published report showing that Lrrk2 silencing in primary cortical neurons leads to increased neurite length and branching rather than to increased neuron cell death. 17 In addition, the expression of a control shRNA construct (sh1 mis ) resulted in exactly the same phenotype seen in cultures expressing the specific silencing construct, suggesting an unspecific effect in LVsh1-transduced cultures. We, therefore, further investigated the expression of 2 0 5 0 -Oas1, which has been used as surrogate marker for shRNA-triggered interferon response and found that in LVsh1 as well as in LVsh1 mis -transduced cortical cultures Oas1-mRNA levels were increased approximately ninefold compared with control cultures (Figure 2c) . 9, 18 Lowering the viral titers by a quarter did not essentially prevent Oas1 interferon response gene expression (Figure 2d) . It has been shown previously that the presence of ectopically introduced dsRNA can lead to the activation of the cellular antiviral defense machinery including the expression of IFNa and IFNb resulting in the expression of ISGs. 8 dsRNAs then further activate ISGs including Oas1 and RNA-dependent protein kinase and lead to translational inhibition, RNA degradation and apoptosis. 19 The observed increase of apoptotic cells (Figures 1e and 2b) , the reduction of vector-driven GFP expression (Figure 1c ) in combination with markedly increased Oas1 expression (Figure 2c ) strongly indicates an shRNA-induced cellular immune response rather than a specific Lrrk2 silencing effect.
We further investigated whether modifications of the hairpin stem length, short-hairpin backbone structure and/or passenger strand modifications may influence the emergence of cellular immune response. Two additional first generation shRNAs were designed: one -30) with the Lrrk2 specific 21-nt stem duplex (miB1); a di-nucleotide bulge was introduced in the passenger strand of the miB3 construct. H1-shRNA and shRNA mir constructs were cloned into the pLV transfer vector and endogenously Lrrk2 expressing NIH3t3 cells were transduced (MOI5) with viral supernatants to evaluate silencing efficiencies. Lrrk2 mRNA levels and protein content was quantified 5 days post-transduction by (b) qPCR (n ¼ 3) and (c) western blot analysis (GFP and GAPDH immunoblot served as controls for transduction efficiency and protein load, respectively. Primary cortical cultures were transduced (100kU NIH3t3 , MOI1) 1 day after plating (DIV1) and analyzed at DIV7: mRNA was obtained for Lrrk2 mRNA quantification (d, n ¼ 3) and expression analysis of IFN-inducible gene Oas1 (e, n ¼ 3-5); (f) LRRK2 and cleaved caspase 3 protein amounts were measured by western blot analysis. Nontransduced (wt) and LV-transduced (LV) cultures served as controls. Expression of miB1 and miB3 in cortical cultures resulted in Lrrk2 mRNA reduction down to 40% (d) and was accompanied by a marked reduction of LRRK2 protein levels (f, upper panel). Only in LVmiB3-transduced cultures, efficient Lrrk2 silencing was not accompanied by increased cleaved caspase 3 protein levels (f, lower panel). Western blots are representative of three independent experiments that gave similar results. LRRK2, leucine-rich repeat kinase-2; shRNA, short hairpin RNA; Oas1, oligoadenylate synthetase 1; qPCR, quantitative PCR.
miRNA design prevents Oas1 induction M Bauer et al lacking the AA-dinucleotide at the transcription initiation site (Figure 3a, sh15) and one lacking the AU-dinucleotide at the 5 0 region of the guide strand (Figure 3a, sh16 ). shRNAs were cloned into a LV and silencing efficiencies were first monitored in NIH3t3 cells (Figures 3b and c) , which endogenously express Lrrk2 and did not show induction of Oas1 after transduction with LVsh1 and LVsh1 mis at an MOI of up to 10 (data not shown). Lrrk2 mRNA in LVsh15 and LVsh16-transduced NIH3t3 (MOI5) was decreased by B50-60% (Figure 3b ) resulting in a slightly less LRRK2 protein reduction compared with LVsh1-transduced cells (Figure 3c ). In primary cortical cultures, Lrrk2 mRNA was reduced by both constructs (Figure 3d) ; however, sh15 expression resulted in a marked induction of Oas1 mRNA ( Figure  3e ). The latter finding was rather unexpected since a previous study has shown that the deletion of an AAdinucleotide at the transcription initiation site prevents Oas1-induction.
9 Thus, our finding may indicate that U6 promoter driven shRNA expression differs from H1-driven constructs with respect to stimulate dsRNAtriggered immune response. More recently, second generation shRNA mir constructs based on endogenously expressed miR-30 primary transcripts have been shown to be more efficient in gene silencing than first generation shRNA constructs and it was speculated that shRNA mir might be more favorable to avoid interferon response. 11, 13 To experimentally test this hypothesis, we designed two second generation shRNA mir s: the miB1 construct was adapted from Boden et al. 11 and an additional two nucleotide bulge was integrated in the passenger strand of miB3 (Figure 3a) . In accordance with the findings from others, lentiviral-mediated expression of miB1 and miB3 constructs in NIH3t3 cells resulted in a more efficient LRRK2 protein decline compared with the first generation sh1 expressing cells (Figure 3c) . 11 However, miB1 expression in cortical cultures resulted in an approximately fourfold induction of Oas1 (Figure 3e ) and was accompanied by elevated cleaved caspase 3 levels (Figure 3f) . In contrast and compared with LV-transduced controls, no increase of Oas1 expression was detected in LVmiB3-transduced cortical cultures ( Figure  3e ). As an additional indication for viable cultures, cleaved caspase 3 protein levels were comparable with those of wild-type (wt) and LV-transduced cultures (Figure 3f ) and MAP2+ neuron cell counts were equal to controls (data not shown). Endogenous miRNAs are evolutionary optimized to preclude the induction of dsRNA-triggered cellular immune response. In consequence and in accordance with this selection, the introduction of bulges, which are invariably present in miRNA stems, are instrumental to prevent the activation of dsRNA-dependent ISGs. 20, 21 Interestingly, it has been shown very recently that shRNA-associated neurotoxic effects in a mouse model of Huntington's disease could be mitigated by placing the target sequence into an artificial miR-30-based miRNA expression system. However, the authors of the study have not investigated the expression of ISGs as a possible cause for the observed toxic effects. 22 To our knowledge, we provide here the first study showing that an exact implementation of all design features of naturally occurring miR-30 precursor is capable to (i) efficiently silence a given target gene and (ii) avoids induction of the interferon-response gene Oas1, which otherwise occurs when first generation designed shRNA constructs are used. This finding has implications regarding vector-based shRNA construct design in experimental gene function studies as well as in gene therapeutic approaches.
